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MaOBJECTIVES This study sought to establish a coronary computed tomography angiography prediction rule for grading
chronic total occlusion (CTO) difﬁculty for percutaneous coronary intervention (PCI).
BACKGROUND The uncertainty of procedural outcome remains the strongest barrier to PCI in CTO.
METHODS Data from 4 centers involving 240 consecutive CTO lesions with pre-procedural coronary computed
tomography angiography were analyzed. Successful guidewire (GW) crossing #30 min was set as an endpoint to
eliminate operator bias. The CT-RECTOR (Computed Tomography Registry of Chronic Total Occlusion Revascularization)
score was developed by assigning 1 point for each independent predictor, and then summing all points accrued.
Continuous distribution of scores was used to stratify CTO into 4 difﬁculty groups: easy (score 0); intermediate (score 1);
difﬁcult (score 2); and very difﬁcult (score $3). Discriminatory performance was tested by 10-fold cross-validation and
compared with the angiographic J-CTO (Multicenter CTO Registry of Japan) score.
RESULTS Study endpoint was achieved in 55% of cases. Multivariable analysis yielded multiple occlusions, blunt stump,
severe calciﬁcation, bending, duration of CTO$12 months, and previously failed PCI as independent predictors for GW
crossing. The probability of successful GW crossing#30min for each group (from easy to very difﬁcult) was 95%, 88%, 57%,
and22%, respectively.Areasunder receiver-operator characteristic curves for theCT-RECTORandJ-CTOscoreswere0.83and
0.71, respectively (p< 0.001). Both the original model ﬁt and 10-fold cross-validation correctly classiﬁed 77.3% of lesions.
CONCLUSIONS The CT-RECTOR score represents a simple and accurate noninvasive tool for predicting time-efﬁcient
GW crossing that may aid in grading CTO difﬁculty before PCI. (Computed Tomography Angiography Prediction Score for
Percutaneous Revascularization for Chronic Total Occlusions [CT-RECTOR]; NCT02022878) (J Am Coll Cardiol Intv
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TABLE 1 Clinical Characteristic
Age, yrs
Men
Body mass index, kg/m2
Left ventricular ejection fraction, %
Diabetes mellitus
Hypertension
Hyperlipidemia
Current smoker
Family history of coronary artery d
Previous myocardial infarction
Previous coronary stenting
Previous coronary artery bypass g
Previous stroke or transient ischem
Renal disease
Atypical chest pain
Stable angina pectoris
Per patient analysis, values are mean  S
treated by at least 1 failed attempt of g
ABBR EV I A T I ON S
AND ACRONYMS
CCA = conventional coronary
angiography
CCTA = coronary computed
tomography angiography
CTO = chronic total occlusion
GW = guidewire
PCI = percutaneous coronary
intervention
ROC = receiver-operating
characteristic
TIMI = Thrombolysis In
Myocardial Infarction
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258M arked advances in endovasculartechniques and device technol-ogy have resulted in substantial
improvements of procedural success rates of
percutaneous coronary intervention (PCI) in
chronic total occlusion (CTO) (1,2). Despite
this, the majority of patients with CTO are
still being managed medically or referred
for bypass surgery (3). The most common
reasons for deferring PCI in CTO appear
to be the uncertainty of predicting the pro-
cedural outcome and the difﬁculty of gau-
ging the time and use of resources during
PCI (4).SEE PAGE 268The availability of a simple and reliable prediction
model to evaluate the probability of successful
guidewire (GW) crossing through CTO would aid in
identifying patients in whom an interventional
approach to revascularization is likely to succeed. The
recent introduction and validation of the angio-
graphic J-CTO (Multicenter Chronic Total Occlusion
Registry of Japan) score was intended to assess CTO
complexity and therefore to determine the time
required for PCI (4). In the search for innovative
imaging modalities with improved visualization of
CTO when compared with conventional coronary
angiography (CCA), coronary computed tomography
angiography (CCTA) has emerged as an accurate
noninvasive tool to assess the trajectory and mor-
phology of occluded coronaries (5). Therefore ours
Total
(n ¼ 229)
Success
(n ¼ 123)
Failure
(n ¼ 106) p Value
63  10 63  10 63  10 0.894
181 (79) 95 (77) 86 (81) 0.517
28.3  4.5 28.2  4.7 28.4  4.3 0.794
52  12 54  12 51  12 0.023*
55 (24) 30 (24) 25 (24) 1.000
196 (86) 102 (83) 94 (89) 0.259
160 (70) 84 (68) 76 (72) 0.665
80 (35) 45 (37) 35 (33) 0.582
isease 100 (44) 52 (42) 48 (45) 0.690
112 (49) 56 (45) 56 (53) 0.291
111 (48) 53 (43) 58 (55) 0.086
rafting 40 (17) 13 (11) 27 (25) 0.005*
ic attack 7 (3) 4 (3) 3 (3) 1.000
17 (7) 9 (7) 8 (7) 1.000
47 (21) 22 (18) 25 (24) 0.326
182 (79) 101 (82) 81 (76) 0.326
D or n (%). *p<0.05. Patients with >1 separate chronic total occlusions
uidewire crossing within 30 min were classiﬁed in the failure group.goals were as follows: 1) to determine the CCTA
characteristics of CTO that inﬂuence the procedural
outcome of PCI in a contemporary clinical setting;
2) to develop a CCTA-based prediction model for
grading CTO suitability for PCI; and 3) to investigate
the diagnostic accuracy of this model for prediction
of PCI duration compared with the J-CTO score.
METHODS
STUDY DESIGN AND POPULATION. The CT-RECTOR
(Computed Tomography Registry of Chronic Total
Occlusion Revascularization) is a multicenter, retro-
spective, observational study of consecutive patients
undergoing CCTA before attempted PCI of CTO be-
tween March 2007 and November 2013 in 4 European
medical centers (Kerckhoff Heart Center, Bad Nau-
heim, Germany; University Hospital Giessen, Giessen,
Germany; University Hospital Erlangen, Erlangen,
Germany; and Institute of Cardiology, Warsaw,
Poland). All included patients had typical effort
angina or positive functional stress tests related to
CTO. Institutional Review Board approval was ob-
tained at each center, and the study complied with
the declaration of Helsinki. The study protocol was
registered at ClinicalTrials.gov (NCT02022878).
CTO was deﬁned as a TIMI (Thrombolysis In
Myocardial Infarction) ﬂow grade 0 within the oc-
cluded segment with no antegrade ﬁlling of the distal
vessel other than via collaterals (6). All patients had
a native vessel or a bypass graft occlusion of $2.5 mm
estimated to be of $3 months’ duration based on
either previous angiography or a history of sudden
chest pain or myocardial infarction consistent with
the location of CTO. The type of CTO was either
de novo or due to in-stent restenosis. All PCI were
performed by highly experienced operators perform-
ing a minimum of 50 CTO cases per year as advocated
by the EuroCTO Club (7). Dedicated wires were used
in a step-up approach starting from soft polymeric
wires at the beginning with a subsequent switch
to stiff ﬂat or tapered wires. The strategies used
included the parallel wire technique, subintimal
tracking and re-entry techniques, as well as retro-
grade wire approach. The interventional strategy was
left to the discretion of the operator.
STUDY ENDPOINTS. As in the J-CTO registry (4), the
primary endpoint was deﬁned as successful GW
crossing through the CTO within 30 min of procedure
time. This was viewed as the most objective param-
eter reﬂecting the level of difﬁculty intrinsic to the
CTO and minimizing the operator-related bias asso-
ciated with the ﬁnal outcome of PCI. Furthermore,
TABLE 2 Coronary Angiographic and Procedural Characteristics
Total
(n ¼ 240)
Success
(n ¼ 132)
Failure
(n ¼ 108) p Value
Angiographic characteristics
Type of CTO
De novo 208 (87) 115 (87) 93 (86) 0.850
Target vessel
LAD 82 (34) 56 (42) 26 (24) 0.004*
LCX 36 (15) 19 (14) 17 (16) 0.856
RCA 119 (50) 56 (42) 63 (58) 0.019*
Bypass graft 3 (1) 1 (1) 2 (2) 0.590
Occlusion time $12 months or unknown 164 (68) 73 (55) 91 (84) <0.001*
Multiple occlusion 16 (7) 4 (3) 12 (11) 0.018*
Ostial location 12 (5) 5 (4) 7 (6) 0.384
Blunt stump at entry 110 (46) 54 (41) 56 (52) 0.093
Side branch at entry 155 (65) 81 (61) 74 (68) 0.279
Calcium, any 153 (64) 80 (61) 73 (68) 0.283
Heavy calcium 51 (21) 22 (17) 29 (27) 0.059
Bending >45 60 (25) 23 (17) 37 (34) 0.004*
Occlusion length $20 mm 104 (43) 36 (27) 68 (63) <0.001*
Bridging collaterals 58 (24) 26 (20) 32 (30) 0.095
Retrograde collaterals, grade $3 159 (66) 94 (71) 65 (60) 0.076
Poor distal vessel opaciﬁcation 31 (13) 9 (7) 22 (20) 0.003*
Severe proximal vessel disease 69 (29) 42 (32) 27 (25) 0.256
Severe distal vessel disease 33 (14) 18 (14) 15 (14) 1.000
Bad expected guiding catheter support 21 (9) 8 (6) 13 (12) 0.114
Expected patient intolerance 3 (1) 1 (1) 2 (2) 0.590
Procedural characteristics
Reattempt of failed CTO PCI 36 (15) 9 (7) 27 (25) <0.001*
Radial approach 35 (15) 23 (17) 12 (11) 0.200
Guiding catheter
6-F 126 (52) 74 (56) 52 (48) 0.244
7-F 108 (45) 55 (42) 53 (49) 0.297
8-F 6 (3) 3 (2) 3 (3) 1.000
Simultaneous PCI for non-CTO lesion 19 (8) 6 (4) 13 (12) 0.052
Retrograde injection 160 (67) 73 (55) 87 (81) <0.001*
Retrograde wiring approach 27 (11) 2 (1) 25 (23) <0.001*
Over-the-wire balloon support 205 (85) 108 (82) 97 (90) 0.098
Mean number of wires 2.4  1 1.9  0.7 3.0  1 <0.001*
Successful recanalization of CTO
with #50% residual stenosis
and TIMI ﬂow grade 2 to 3
149 (62) 127 (96) 22 (20) <0.001*
Successful implantation of stent
with #50% residual stenosis
and TIMI ﬂow grade 2 to 3
148 (62) 127 (96) 21 (19) <0.001*
Dissection or perforation 35 (15) 5 (4) 30 (28) <0.001*
Fluoroscopic time, min 29.6  19.4 21  11.5 40.2  21.8 <0.001*
Contrast used, ml 213  96 188  77 243  108 <0.001*
Values are n (%) or mean  SD. *p<0.05.
CTO ¼ chronic total occlusion; LAD ¼ left anterior descending artery; LCX ¼ left circumﬂex; PCI ¼ percuta-
neous coronary intervention; RCA ¼ right coronary artery; TIMI ¼ Thrombolysis In Myocardial Infarction.
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259according to Morino et al. (1) the GW manipulation
time is inversely related to GW crossing success rate
corresponding to the ﬁnal restoration of ﬂow through
CTO. The secondary endpoints were deﬁned as: 1)
successful GW crossing through CTO at any time; and
2) successful GW crossing through CTO with restora-
tion of ﬂow (<50% residual stenosis and TIMI ﬂow
grade 2 to 3).
CCTA PROTOCOL AND IMAGE RECONSTRUCTION.
All CCTA scans were performed during the 4 weeks
prior to PCI. During the study period, 2 dual-source
scanners were used (Somatom Deﬁnition CT and
Somatom Deﬁnition Flash CT, Siemens, Erlangen,
Germany). Unless contraindicated, an intravenous or
oral dose of metoprolol was given to target a heart
rate of <65 beats/min, and sublingual nitroglycerin
was administered before CCTA. The contrast transit
time was estimated by injection of a test bolus
or using a real-time bolus tracking technique. For
acquisition of the volume dataset, 80 to 120 ml
iodinated contrast material containing between 350
and 400 mg/ml iodine was injected followed by a
mixture of 20% contrast agent and 80% saline. The
scan parameters were as follows and varied according
to the scanner type: beam collimation 64  0.6 mm;
tube voltage 100 or 120 mV; gantry rotation time 330
or 280 ms; tube current 330 to 438 mAs/rotation
or 320 mAs/rotation. Dose reduction strategies in-
cluding electrocardiogram-gated tube current modu-
lation and prospective axial triggering were used
whenever feasible. The estimated radiation dose for
CCTA was determined based on the recommended
conversion factors (8) and ranged from 1.1 to 28 mSv.
Scan data were reconstructed in mid-to-end systole
and diastole (30% to 45% and 55% to 75% of the R-R
interval). The slice thickness was 0.6 or 0.75 mm with
an increment of 0.4 mm.
CCTA ANALYSIS. All CT data were analyzed by a
highly experienced reader (M.P.O.) on a dedicated
workstation (Leonardo workstation, Siemens). The
assessment was performed blinded to all clinical and
angiographic data after conﬁrmation of the CTO vessel
in which PCI was attempted. The CCTA datasets were
evaluated using multiplanar reconstructed images
and thin-slab maximum intensity projections. Addi-
tionally, 3-dimensional reconstruction of the central
vessel line running through the occlusion path and
entry/exit sites was created using a dedicated soft-
ware tool (Circulation, Siemens) to calculate the
least foreshortened length of the CTO and evaluate
orthogonal cross sections of the vessel area (9).
Initially, a detailed qualitative analysis was made toassess the potential variables associated with GW
crossing. All CTO characteristics were separately sur-
veyed at the entry site, occlusion route, exit site, and
the overall segment (entry, occlusion route, and exit
combined). The presence of multiple occlusion sites,
TABLE 3 Computed
Overall characteristics
Occlusion length, mm
Occlusion length ‡
Multiple occlusion
Proximal reference v
Distal reference vess
Entry site
Stump morphology
Blunt type
Tapered type
Morphology of taper
Central
Eccentric
Side branch
Bending >45
Calcium, any
Calcium $50% CSA
Stent at entry
Occlusion route
Bending >45
Calcium, any
Calcium $50% CSA
Stent at occlusion ro
Intramyocardial cour
Exit site
Stump morphology
Blunt stump
Tapered stump
Morphology of taper
Central
Eccentric
Side branch
Bending >45
Calcium, any
Calcium $50% CSA
Stent at exit
Overall (entry þ occlus
Blunt stump, any
Side branch, any
Bending >45, any
Calcium, any
Calcium ‡50% CSA,
Per lesion analysis. Values
the entry and exit sites of
CSA ¼ cross-sectional ar
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260deﬁned as $2 complete interruptions of the con-
trast opaciﬁcation separated by contrast-enhanced
segment of $5 mm, was determined (10). Stump
morphology was classiﬁed as tapered or blunt. Addi-
tionally, a tapered stump was classiﬁed as either
central or eccentric based on its location along the
central vessel line. Side branch presence at the entry
or exit site was deﬁned as the visualization of any sideTomographic Characteristics
Total
(n ¼ 240)
Success
(n ¼ 132)
Failure
(n ¼ 108) p Value
26.6  21.5 19.1  14.5 35.7  25 <0.001*
20 mm 115 (48) 43 (33) 72 (67) <0.001*
54 (22) 16 (12) 38 (35) <0.001*
essel diameter 3.4  0.6 3.4  0.6 3.4  0.6 0.757
el diameter 2.6  0.6 2.6  0.6 2.5  0.6 0.489
0.002*
79 (33) 32 (24) 47 (43)
161 (67) 100 (76) 61 (56)
ed stump 1.000
73 (30) 45 (34) 28 (26)
88 (37) 55 (42) 33 (30)
155 (65) 82 (62) 73 (68) 0.417
21 (9) 6 (4) 15 (14) 0.012*
106 (44) 48 (36) 58 (54) 0.009*
20 (8) 6 (4) 14 (13) 0.032*
19 (8) 10 (8) 9 (8) 1.000
35 (15) 8 (6) 27 (25) <0.001*
177 (74) 93 (70) 84 (78) 0.239
75 (31) 26 (20) 49 (45) <0.001*
ute 29 (12) 15 (11) 14 (13) 0.843
se of occlusion route 4 (2) 1 (1) 3 (3) 0.329
0.246
45 (19) 21 (16) 24 (22)
195 (81) 111 (84) 84 (78)
ed stump 0.312
98 (41) 52 (39) 46 (43)
97 (40) 59 (45) 38 (35)
63 (26) 42 (32) 21 (19) 0.039*
7 (3) 1 (1) 6 (6) 0.048*
98 (41) 51 (39) 47 (43) 0.510
21 (9) 9 (7) 12 (11) 0.260
5 (2) 2 (1) 3 (3) 0.660
ion route þ exit site)
112 (47) 50 (38) 62 (57) 0.003*
172 (72) 93 (70) 79 (73) 0.668
56 (23) 14 (11) 42 (39) <0.001*
195 (81) 101 (76) 94 (87) 0.046*
any 87 (36) 33 (25) 54 (50) <0.001*
are mean  SD or n (%). *p<0.05. The presence of any blunt stump was assessed at
the CTO. The bold variables were selected for further statistical assessments.
ea; CTO ¼ chronic total occlusions.branch within 3 mm proximal to the entry or exit of the
occlusion. The presence of any calcium was noted.
Severe calcium was deﬁned as the presence of high-
density plaque involving $50% of the vessel cross-
sectional area on visual assessment (9,11). Bending
was deﬁned as the presence of at least 1 bend of >45
throughout the occlusion route (11,12). Importantly,
any vessel tortuosity outside the occlusion segment
was excluded from the assessment of bending (4). The
presence of vessel intramyocardial course within the
occlusion route was assessed. Quantitative analysis
included the measurement of occlusion length, and
proximal and distal vessel diameters. Occlusion
length was classiﬁed as either <20 or $20 mm ac-
cording to the consensus of the EuroCTO Club (7).
Interobserver variability was assessed by a second
experienced reader (M.R.) in 25% of all CTO lesions.
ANGIOGRAPHIC ANALYSIS. Coronary angiographic
analyses were performed by a single experienced
reader (M.P.O.) blinded to the results from CCTA and
clinical characteristics, using a commercial software
(CASS QCA, version 5.10, Pie Medical Imaging, Maas-
tricht, the Netherlands). The angiographic variables of
the J-CTO score, including blunt entry site, calciﬁca-
tion within CTO, bending >45, occlusion length $20
mm, and previously failed lesion, were determined as
previously described (4). The J-CTO score for an indi-
vidual CTO was then obtained by assigning 1 point for
each variable present and then summing all points
accrued, with a minimal and maximal total score of
0 and 5, respectively. The presence of heavy calciﬁ-
cation was assessed as previously described (13). Other
angiographic indexes included ostial CTO, multiple
occlusions, the presence of side branches within 3 mm
proximal to the entry site, the presence of bridging
collaterals, the degree of retrograde collaterals ac-
cording to the Rentrop classiﬁcation (14), and poor
distal vessel opaciﬁcation (7).
STATISTICAL ANALYSIS. Data are presented as
mean  SD for continuous variables and frequencies
for categorical variables. Continuous variables were
compared by using Student t test or the Mann-
Whitney U test. Differences in categorical data were
analyzed by the Fisher exact test. The prediction
model for successful GW crossing #30 min was
developed by using a multivariable logistic regression
analysis. As a ﬁrst step, only candidate categorical
variables that reached statistical signiﬁcance in the
univariable model were entered into the multivari-
able analysis using the standard method of entry. The
results of the multivariable model were then used to
assign an integer score to each independent variable
based on the model’s beta coefﬁcients. Furthermore,
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261all individual integer score values were summed to
calculate a total score for each CTO (CT-RECTOR
score). The discriminatory performance of the model
was validated using 10-fold cross-validation in which
the original set was randomly partitioned in 10 equal
size subsamples. Of the 10 subsamples, a single sub-
sample is retained as the validation set for testing
the model, and the remaining 9 subsamples are used
as the training set. The cross-validation process is
repeated 10 times with each of the subsamples used
exactly once as the validation set (15). To exclude
the potentially confounding inﬂuence of retrograde
wiring on the developed model, the multivariable
regression analysis was repeated in the subgroup
of CTO treated by antegrade approach only. Agree-
ment between the CT-RECTOR and J-CTO scores was
assessed using the Spearman correlation coefﬁcient.
The diagnostic accuracy of the CT-RECTOR score wasFIGURE 1 Lesion From the Guidewire-Success Group
(A) Curved multiplanar reconstruction of a short noncalciﬁed occlusion (
of the right coronary artery. (B) Cross-sectional view of the noncalciﬁed
nonrelevant bending within the occlusion route. (D) Coronary angiograp
manipulation.compared with that of the J-CTO score using paired
comparisons between areas under receiver-operating
characteristic (ROC) curves given by C statistics ac-
cording to the method of DeLong et al. (16). The
interobserver agreement was analyzed using the
kappa statistics (a method of agreement for categor-
ical variables) for each independent predictor of the
multivariable model. Statistical signiﬁcance was
deﬁned as a p value of <0.05. Statistical analyses
were performed with SPSS (version 20.0, SPSS Inc.,
Chicago, Illinois) and MedCalc (version 12.3, MedCalc
Software, Mariakerke, Belgium).
RESULTS
CLINICAL CHARACTERISTICS. A total of 229 patients
(mean age 63  10 years, 79% male) with 240 CTO
lesions were enrolled. Successful GW crossing withinyellow asterisk) with tapered entry and exit sites in the mid-segment
occlusion site. (C) Three-dimensional reconstruction displaying
hy showing successful recanalization after 2 min of guidewire
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characteristics between successful and failed GW
crossing were similar except for more frequent pre-
vious coronary artery bypass grafting and slightly
lower left ventricular ejection fraction in the GW-
failure group than the GW-success group (Table 1).
ANGIOGRAPHIC CHARACTERISTICS. Most CTO were
attempted for the ﬁrst time (85%) and by antegrade
approach (89%), and the overall procedural success
deﬁned as recanalization of CTO with restoration of
ﬂow (<50% residual stenosis and TIMI ﬂow grade 2
to 3) was 62%. Table 2 summarizes angiographic and
procedural CTO characteristics in relation to suc-
cessful and failed GW crossing #30 min. Regarding
procedural characteristics, the GW-failure group
showed higher prevalence of reattempted PCI,FIGURE 2 Lesion From the Guidewire-Failure Group
(A) Curved multiplanar reconstruction displaying 2 occlusion sites (yello
coronary artery. (B) Cross-sectional view of the calciﬁcation occupying
bending of 55 within the occlusion route. (D) Coronary angiography afretrograde injection, and retrograde wiring, as well as
a higher number of overall introduced wires than the
GW-success group did.
CCTA CHARACTERISTICS AND SELECTION OF
VARIABLES. The GW-failure group showed higher
prevalence of lesions $20 mm and multiple occlu-
sions than the GW-success group (Table 3). Regional
qualitative CCTA characteristics surveyed at different
sites of the CTO such as blunt stump at the entry site,
severe calciﬁcation at the entry site and occlusion
route, and bending at the entry and exit sites and
occlusion route were more prevalent in the GW-
failure group (Figures 1 and 2). For the purpose of
simplicity, all signiﬁcant regional variables were
additionally assessed throughout the overall CTO
(entry, occlusion route, and exit combined)w asterisks) and severe calciﬁcation in the mid-segment of the right
$50% vessel area. (C) Three-dimensional reconstruction displaying
ter failed attempt of guidewire crossing within 55 min.
TABLE 4 Difﬁculty Score for Grading CTO Suitability for PCI (CT-RECTOR Score):
Independent Predictors of Multivariable Regression Analysis
Odds Ratio (95% CI) Beta Coefﬁcient Point
CCTA predictors
Multiple occlusion 0.28 (0.12–0.62) 1.28 1
Blunt stump within CTO 0.35 (0.18–0.69) 1.04 1
Calciﬁcation $50% CSA within CTO 0.29 (0.14–0.59) 1.23 1
Bending ($45) within CTO 0.33 (0.15–0.76) 1.10 1
Clinical predictors
Previous attempt of PCI at CTO 0.29 (0.11–0.79) 1.22 1
Occlusion duration $12 months or unknown 0.32 (0.15–0.67) 1.15 1
The CT-RECTOR score is calculated as sum of each point.
CCTA ¼ coronary computed tomography angiography; CI ¼ conﬁdence interval; CSA ¼ cross-sectional area;
CT-RECTOR ¼ Computed Tomography Registry of Chronic Total Occlusion Revascularization; other abbreviations
as in Table 2.
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263demonstrating relevant relationships for the blunt
stump, bending, and the presence of calciﬁcation.
Because severe calciﬁcation was a stronger correlate
of GW-crossing #30 min compared with the presence
of any calcium, only the former was selected for
further statistical assessment. Thus, the ﬁnal quali-
tative CCTA variables entered into the model
included occlusion length $20 mm, multiple occlu-
sions, blunt stump, bending, and severe calciﬁcation
assessed throughout the overall CTO segment.
UNIVARIATE AND MULTIVARIATE REGRESSION
ANALYSES. The univariate clinical, angiographic,
and CCTA predictors for successful GW crossing #30
min included the following: previous coronary artery
bypass grafting; lesion in the right coronary artery;
lesion in the left anterior descending artery; poor
distal CTO visualization by CCA; reattempted PCI at
CTO; occlusion duration $12 months or unknown;
occlusion length $20 mm by CCTA; multiple occlu-
sions by CCTA; blunt stump by CCTA; bending
by CCTA; and severe calciﬁcation by CCTA. In the
multivariable regression analysis, 2 clinical and 4
CCTA variables (reattempted PCI at CTO, occlusion
duration $12 months or unknown, multiple occlu-
sions, blunt stump, bending, and severe calciﬁcation)
were independent predictors for GW crossing
#30 min (Table 4). The subanalysis in CTO treated
by antegrade approach only yielded similar inde-
pendent predictors for GW crossing #30 min. Of
the independent CCTA variables, both multiple oc-
clusions (22% vs. 7%, p < 0.001) and severe calciﬁ-
cation (34% vs. 21%, p < 0.001) were more often
detected by CCTA, with similar frequencies of the
blunt stump (47% vs. 46%, p ¼ 0.927) and bending
(23% vs. 25%, p ¼ 0.749), than were detected with
CCA. Interobserver agreement for independent CCTA
variables was 0.81 for multiple occlusions, 0.80 for
bending, 0.71 for severe calciﬁcation, and 0.57 for
blunt stump.
DEVELOPMENT OF THE CT-RECTOR SCORE .
Based on the regression model’s beta coefﬁcients
ranging from 1.04 to 1.28, each independent variable
was assigned an integer score of 1 point. For each CTO
lesion, a total difﬁculty score for PCI (CT-RECTOR
score) was calculated by summing all points accrued
(Figure 3). Figure 4 shows the relationship between
the CT-RECTOR score and successful GW crossing
#30 min. As shown in Figure 5A, the resulting
continuous distribution of total difﬁculty scores
across all lesions was then categorized into the
following 4 groups of scores according to the varying
probabilities of successful GW crossing #30 min:1) easy (score of 0); 2) intermediate (score of 1); 3)
difﬁcult (score of 2); and 4) very difﬁcult (score $3).
Figure 5B depicts the declining probabilities of total
GW success proportionally to the difﬁculty level
of CTO.
VALIDATION. The original model ﬁt correctly clas-
siﬁed 76.3% of lesions, whereas the 10-fold
cross-validation showed similar discriminatory per-
formance without misclassiﬁcation of any case. The
CT-RECTOR score correlated positively with the
J-CTO score (r ¼ 0.561, p < 0.001). The area under
the ROC curve for the CT-RECTOR score to predict
successful GW crossing #30 min was signiﬁcantly
higher compared with the area under the ROC curve
for the J-CTO score (0.83 vs. 0.71, p < 0.001)
(Figure 6). Table 5 shows the diagnostic perfor-
mance for classiﬁcation of CTO difﬁculty level by
CT-RECTOR and J-CTO scores for prediction of
successful GW crossing #30 min.
DISCUSSION
To our knowledge, the present study is the ﬁrst large-
scale, multicenter evaluation of a CCTA-based diag-
nostic rule for predicting the time-efﬁcient PCI in
CTO. Speciﬁcally, we have developed the CT-RECTOR
score as a simple and easy-to-use noninvasive pre-
diction tool for grading CTO suitability for successful
GW crossing within 30 min. Of note, the proposed
CCTA prediction rule has the potential to exceed
the angiographic J-CTO score in terms of the diag-
nostic performance. We believe that clinicians may
ﬁnd the CT-RECTOR score particularly useful to
better estimate the time required for PCI, speciﬁcally
in patients with poor CTO visualization by CCA.
Despite marked advances in endovascular tech-
niques and CTO-dedicated devices, PCI of CTO
FIGURE 3 The CT-RECTOR Score Calculator
Calculation sheet for the CT-RECTOR (Computed Tomography Registry of Chronic Total
Occlusion Revascularization) score with illustrated deﬁnitions of each variable and listing
of the difﬁculty groups. CTO ¼ chronic total occlusion; PCI ¼ percutaneous
coronary intervention.
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264remains a signiﬁcant technical challenge with un-
predictable procedural success and often long dura-
tion (17). During the last decade, CCTA has emerged
as a valuable noninvasive tool to provide guidance
during PCI in CTO with improved visualization of
calciﬁcation and vessel trajectory as compared with
CCA (5). Previous reports on CCTA in CTO identiﬁed
the presence of severe calciﬁcation, lesion length,
and bending as independent predictors of GW pas-
sage (9,11,12). However, such previous regressionmodels were limited by including a relatively small
number of lesions; additionally, the contribution
of each independent CCTA variable should be
re-evaluated in light of the improvements in PCI
of CTO.
We performed a comprehensive qualitative analy-
sis to determine the most robust CCTA predictors
for successful GW crossing through CTO. To simplify
the application of the ﬁnal regression model, the
scrutinized parameters were categorical and repre-
sented “presence or absence” of CTO characteristics.
Moreover, after demonstrating no relevant differ-
ences between the regional variables, only signiﬁ-
cant CCTA predictors surveyed at the overall CTO
segment were selected for further assessment. Ulti-
mately, the multivariable regression analysis yielded
the presence of 4 CCTA-based (multiple occlusions,
blunt stump, bending, and severe calcium) and 2
clinical (reattempted PCI at CTO, occlusion duration
$12 months or unknown) predictors for successful
GW crossing #30 min. Interestingly, our model com-
plemented previous CCTA observations by intro-
ducing 2 novel predictors (multiple occlusions and
blunt stump) for PCI in CTO. Although a blunt stump
had already been reported as a signiﬁcant correlate
for PCI outcome in a previous angiographic study
(11), the presence of multiple occlusions has to our
knowledge never been studied in this context. Of
note, our results indicate that the presence of tandem
occlusion segments with double entry and exit sites
constitutes a signiﬁcant technical hurdle to success-
ful GW passage. Although the lesion length has been
frequently reported as a relevant correlate for suc-
cessful PCI in CTO (1,11), it was not an independent
predictor for GW passage in our study, possibly indi-
cating a stronger inﬂuence of other CCTA variables
from the regression model. In accordance with pre-
vious reports (4,18), we found previously failed PCI
at CTO and long or unknown duration of occlusion
to be the only independent clinical predictors for
GW crossing.
CLINICAL APPLICATION OF THE CT-RECTOR SCORE.
The equal contribution of all independent predictors
to the ﬁnal model ﬁt resulted in a simple and easy-
to-remember total difﬁculty score for CTO (CT-
RECTOR score). We advocate clinical application of
the CT-RECTOR score in patients with pre-procedural
availability of CCTA, primarily for the assessment of
CTO complexity and prediction of GW manipulation
time. Our CCTA prediction rule was found to be
highly sensitive for predicting GW success #30 min
in lesions with a CT-RECTOR score #2. Thus, the
proposed CCTA score may be particularly applied
FIGURE 4 Relationship Between CT-RECTOR Score and GW Success #30 Min
Distribution of the CT-RECTOR score according to successful guidewire (GW) crossing
within 30 min. Abbreviations as in Figure 3.
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265to estimate the need for additional CTO devices or
dedicated revascularization techniques in lesions
with respectively higher difﬁculty levels. Further-
more, the excellent speciﬁcity of our model in lesions
with a low CT-RECTOR score (#1) ensures high
GW success in the hands of experienced operators
and could therefore be used for training purposes
among less-skilled interventionalists. Finally, the
CT-RECTOR score is related to the overall GW
manipulation time and might be indirectly used for
estimating the ﬁnal PCI success.
COMPARISON OF THE CT-RECTOR AND J-CTO
SCORES. Recently, the J-CTO score has been intro-
duced as an accurate angiographic rule for prediction
of successful GW crossing #30 min (4). In contrast
to the CT-RECTOR score, the J-CTO scoring system
consists of 5 angiographic variables including the
lesion length and excepting the multiple occlusions
and CTO duration. Further dissimilarities include
the amount of surveyed calciﬁcation and the loca-
tion of the blunt stump. Importantly, we have
demonstrated a signiﬁcantly higher diagnostic accu-
racy of the CT-RECTOR score as compared with the
J-CTO score for prediction of successful GW crossing.
Lower accuracy of the J-CTO score in our study is
likely due to weaker discriminatory performance of
angiographic variables such as calciﬁcation and blunt
stump that failed to show signiﬁcant differences in
GW group comparison. Additionally, CCA under-
estimated the presence of multiple occlusions andFIGURE 5 Relationship Between the Difﬁculty Groups and GW Succe
(A) Relationship between the 4 difﬁculty groups derived from the CT-R
between the difﬁculty groups and ﬁnal GW success. The blue bars indic
green bars represent the probability of GW crossing >30 min. Abbreviasevere calciﬁcation when compared with CCTA. This
is in line with previous observations demonstrating
that severe calciﬁcation visualized by CCTA but not
by CCA is independently related to successful PCI in
CTO (11,19). Furthermore, the enhanced diagnostic
performance of CCTA over CCA might be a result ofss
ECTOR score and successful GW crossing #30 min. (B) Relationship
ate the probability of successful GW crossing #30 min, whereas the
tions as in Figures 3 and 4.
FIGURE 6 ROC Curves for Prediction of GW Success #30 Min
The blue line represents the area under the curve for the
CT-RECTOR (Computed Tomography Registry of Chronic Total
Occlusion Revascularization) score, whereas the red line corre-
sponds to the area under the curve for the J-CTO (Multicenter
Chronic Total Occlusion Registry of Japan) score. ROC ¼ receiver-
operating characteristic.
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266the 3-dimensional depiction of the CTO bending
and accurate detection of multiple occlusions that
are often not readily seen on invasive angiograms
(20,21). Indeed, this has been recently suggested by
Rolf et al. (21) who demonstrated a signiﬁcantly
higher CTO revascularization rate in the CCTA-guided
PCI after translation of 3-dimensional CCTA images
to the catheterization laboratory. Finally, the lower
number of variables in the J-CTO score comparedTABLE 5 Comparison of the CT-RECTOR Score With J-CTO
Score Difﬁculty Groups for Prediction of Successful GW
Crossing #30 Min
Sensitivity
(95% CI)
Speciﬁcity
(95% CI)
CT-RECTOR score
Easy, 0 16 (10–24) 99 (94–100)
Easy or intermediate, 0–1 56 (47–65) 93 (85–97)
Easy or intermediate or difﬁcult, 0–2 85 (77–90) 66 (60–74)
J-CTO score
Easy, 0 16 (10–24) 97 (91–99)
Easy or intermediate, 0–1 55 (46–63) 77 (68–84)
Easy or intermediate or difﬁcult, 0–2 83 (76–89) 47 (38–57)
GW ¼ guidewire; J-CTO ¼ Multicenter Chronic Total Occlusion Registry of Japan;
other abbreviations as in Table 4.with the CT-RECTOR score (5 vs. 6 variables) might
particularly predispose to improved discriminatory
performance of the latter in lesions with low angio-
graphic scores.
STUDY LIMITATIONS. First, it was a retrospective
and observational experience with a potential for
case selection bias resulting from different reasons
for referral to CCTA. Nevertheless, we included all
consecutive CTO patients with pre-procedural CCTA
data, and 2 of our 4 centers established a compre-
hensive CTO program requiring CCTA prior to PCI in
all patients without contraindications for additional
coronary imaging. Second, although we included
the largest CTO population with pre-procedural
CCTA reported thus far, the number of CTO was
still inadequate for application of the holdout vali-
dation with splitting the original data into inde-
pendent training and testing sets. Thus, further
analyses are needed to evaluate the CT-RECTOR
applicability in other patient populations. Third,
the operator, site, and resources selection biases
are inevitable and might inﬂuence the predictive
performance of our model. Finally, and similar to
the J-CTO registry, we decided to include CTO with
a retrograde wiring approach so as not to discard
more complex lesions. However, as CTO with a
retrograde approach represented the minority (11%)
of our lesions, the applicability of the CT-RECTOR
score among those CTO should be re-evaluated in
future studies.CONCLUSIONS
We introduce the CT-RECTOR score as a simple and
accurate computed tomographic prediction rule for
grading CTO difﬁculty by predicting successful GW
crossing within 30 min. The proposed CCTA-based
scoring system does not suffer from the limitations
of CCA and thus has the potential to exceed
the discriminatory performance of the angiographic
J-CTO score. Clinicians may ﬁnd the CT-RECTOR
score particularly useful to better estimate the time
and resources required for the interventional treat-
ment of CTO.
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